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ABSTRACT 
 
Development and Characterization of Novel Alumina Based Ceramic Matrix 
Composites for Energy Efficiency Sliding Applications. (August 2011) 
Rajeshwari S Lakshmi Paluri, B.E., Osmania University, India 
Co-Chairs of Advisory Committee: Dr. Hong Liang 
                                                             Dr. Sudeep Ingole 
 
Friction, wear, and lubrication have direct influence on performance, reliability, and 
service life of mechanical systems with moving components. The useful life of these 
systems and their efficiency can be improved by improving the surface properties/ 
performance at sliding interfaces. Further, the usage of materials for sliding systems is 
limited in extreme environments, such as high temperature, and space, etc., due to their 
limited surface properties. This thesis focuses on the development of a new class of 
composites with superior surface properties, i.e., low friction and high wear resistance 
for extreme environmental conditions.  Alumina, a well understood material for its 
tribological performance, is a merit choice for applications where high wear resistance is 
required, such as pump bearings, seal rings, valve seats, piston components, gears, 
cutting tool inserts and artificial joints. We propose to develop a novel alumina based 
ceramic composite to enhance its surface and tribological properties using a powder 
compaction technique. The newly developed composites will be characterized by X-ray 
Diffraction (XRD), Fourier Transform Infrared spectroscope (FTIR), Optical 
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microscope, Environmental Scanning Electron Microscope (E-SEM), Goniometer and 
Surface profilometer. In-situ formation of high temperature stable phases, effect of 
sintering temperature, and percentage of reinforcement on phase formation will be 
studied. Investigation of effect of sintering temperature and percentage of reinforcement 
on density, porosity, and grain size will be conducted. The composites will be 
characterized for their tribological properties (friction and wear). The mechanisms for 
modified friction and wear will be proposed. The process parameters and compositions 
will be optimized.  
XRD results confirmed the formation of Al18B4O33, and AlB2 and FTIR confirmed the 
presence of B2O3. Increase in sintering temperature and wt % of boron affected the 
porosity, grain size, and hardness of the composites. The coefficient of friction was 
lower for the composites compared to pure alumina ceramic. The coefficient of friction 
decreased with increase in sintering temperature. The wear mechanism was found to be 
micro-fracture using ESEM and SEM studies.  
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CHAPTER I 
INTRODUCTION AND LITERATURE REVIEW* 
This chapter discusses the importance of low friction materials, introduces ceramics, 
ceramic matrix composites, tribology, friction and wear. The main focus is to understand 
how mechanical and tribological properties of ceramic composites are affected by the 
addition of reinforcement. 
1.1. Tribology 
Tribology has been in existence since the beginning of history. Stone Age men have 
created fire by rubbing surfaces of stones together.  Jost first reported the word tribology 
in a landmark report. The term Tribology was derived from the Greek word tribos which 
means rubbing or sliding. Tribology means the study of friction, wear and lubrication 
[1].  Tribology was defined by British Lubrication Engineering Working group as the 
―science and technology of interacting surfaces in relative motion and of related 
subjects and practices‖. Tribology is applicable to all fields like automotives, 
biotechnology, biomedical, nanodevices, space engineering, etc [2].   
____________________ 
This thesis follows the style of Tribology Letters. 
* Reprinted with permission from Paluri, R., Ingole, S.: Surface characterization of 
novel alumina-based composites for energy efficient sliding systems. Journal of 
Materials. 63, 77-83 (2011), Copyright [2011] by The Minerals, Metals & Materials 
Society. 
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1.2. Friction  
Friction is defined as the resistance to relative motion between two bodies in contact. 
There are no ideal systems existing that do not have friction between them. When two 
bodies are in mutual mechanical contact and are forced to slide against each other, there 
will always be a friction force between them. The frictional force is always directed in 
the opposite direction of sliding as shown in Figure 1.1.  The coefficient of friction (µ) is 
given by the ratio of frictional force (F) at the interface and the applied normal force (N) 
[3].   
 
 
Figure.1.1. Schematic of forces acting on a body during sliding 
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Friction between two surfaces in contact depends on factors such as geometry, elastic 
properties of the material, adhesive forces, macroscopic contact points, etc. The different 
types of friction include sliding friction, rolling friction, static friction, and kinetic 
friction [4]. 
1.2.1. Examples of Types of Friction 
Sliding friction: A block sliding down a slope surface 
Rolling friction: Motor vehicle tires on road 
Static friction: Car parked on a slope 
Kinetic friction: Man pulling a crate on a floor 
 
The examples explained above show that low and high friction is observed in many day 
to day life activities. High friction is needed in the case of motor vehicles on road to 
prevent them from skidding and maintaining proper traction between the road surface 
and the wheels. Whereas in the case of man pulling a crate on a floor, low friction is 
desirable in order for him to spend less energy in doing so. So, the type of friction 
desired depends on the application.  
1.2.2. Examples of High Friction Applications 
High friction is often desirable in preventing road crashes. One of the dominating 
reasons for the road crash is the loss of control of the vehicle. Slippery road conditions 
that might occur due to water on the road, spill of oil or similar substances, and/or ice 
formation etc.  mainly causes skidding of the vehicles. Using high friction surfaces to 
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increase the tire traction is one of the best solutions to this problem. Thus, usage of a 
high friction material not only provides necessary traction for the vehicle but also leads 
to the energy saving as it prolongs the service life of pavements, minimize loss of life, 
property, and minimize maintenance issues [5]. 
High friction surfaces also provide better solution to high end problems without 
complicating designs. For example, the landing system in Mars Exploration Rover 
needed to drop its speed from about 17,000 mph to zero in order to settle on the surface 
of Mars. For that they used a mechanism which involved winding Kevlar around the 
brake shaft. But the rope did not stay wrapped around the shaft and started to slip down 
eventually due to its own weight. NASA did not give up on this idea.  They came out 
with an idea of actually using a high friction coating with very high wear and corrosion 
resistance. The pads were also coated with high friction coating that keeps the equipment 
from moving that saved resources and expedited the mission [6].  
Though high friction plays an important role in some applications, low friction is 
necessary to reduce energy losses and improve the performance of a system. Lubricants 
and surface coatings are some of the methods to reduce the friction between surfaces. 
Teflon is used as a coating in gears and bearings because it gives a very low coefficient 
of friction of ~0.1 [7]. Molybdenum disulphide coatings also give low friction values 
around 0.15-0.2 when tested on steel [8]. Titanium nitride is a popular coating to 
decrease wear and to extend the life time of drill bits [9]. 
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1.2.3. Examples of Low Friction Applications 
Maintenance of multiple rotary systems such as bearings, shafts, gearboxes, brakes, and 
rotors has been one of the biggest challenges in wind turbines. They operate under 
fluctuating loading conditions and under frequent intermittent lubrication. Condition 
monitoring (contamination control and oil analysis) and maintenance (lube oil, grease, 
filter change, etc) in wind farms are expensive. Large rolling element bearings 
sometimes fail catastrophically leading to prolonged downtime and repair costs. Efforts 
have been made to increase the minimum life cycle of turbines to 20 years by modifying 
the turbine architecture, using better grades of lubricants, and advanced materials for 
bearings. Bearings with low friction surface coatings have been used which improved 
the performance and increased the life cycle of turbines. Similar rolling element bearings 
are used in rocket engines, micro gas turbine engines, aircraft engines, turbo shafts, and 
turbo pumps [10, 11].  
In textile industries yarn contact components require extremely low friction as well as 
resistance to wear and corrosion in order to prevent any surface damage to yarn. Low 
friction coatings have been used on several other components such as draw rolls, cooling 
tracks, thread guides, twist stop pins, and yarn feeders which reduce the downtime and 
maintenance costs. Ceramic coatings offered a very low friction and extreme wear 
resistance and are widely used in textile industry applications [12].  
It is difficult to estimate the exact cost however, Rabinowicz estimated the annual cost of 
resources wasted was approximately  $40 billion for engines lubrication, metal cutting 
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and oil drilling applications only [13, 14]. It was estimated that the annual cost of 
preventive measures for friction and wear losses in the United States is around $700 
billion in today‘s economy which is approximately 6% of the gross domestic product 
(GDP) [15].  
There is a need to develop low friction materials in order to improve the performance of 
mechanical systems. Efforts are being made by tribologists to develop materials with 
superior tribological properties. These research efforts can save approximately $150-
$200 billion per year which equals 1.3% to 1.6% of the United States‘ gross national 
product (GNP) [16].  
Ceramics have a higher potential in extreme environmental conditions such as high 
temperature, vacuum and exposure to harsh chemicals. High temperature stability, high 
hardness, wear resistance and chemical resistance are some of the properties which 
qualify them for many engineering applications compared to metals and plastics.  
1.3. Introduction to Ceramics 
Barsoum defined ceramic are as ―solid compounds formed by application of heat, 
sometimes heat and pressure, comprising of two or more elements of which one of them 
is a non metal or a non metallic elemental solid. The other elements may be metal(s) or 
nonmetallic solid(s)‖. Kingery gave a simple definition to ceramics as ―non metallic 
inorganic materials‖.  For example alumina is a ceramic since it is a solid compound of 
metal (Aluminum) bonded to nonmetal (oxide). Magnesia, Zirconia, and Iron oxide are 
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some more examples.  Silica is also an example of ceramic since a non metallic 
elemental solid combines with a non metal. Similarly Titanium carbide, Zirconium 
diboride, and Tungsten carbide are ceramics because metals combine with non metallic 
elemental solids. Boron nitride and Silicon carbide are also ceramics because it 
combines two non metallic elemental solids. 
Ceramics can be crystalline or amorphous depending on the arrangement of atoms in the 
solid. Solids that exhibit long-range order are called as crystalline solids while those in 
which there is a lack in periodicity are called as amorphous solids. Crystalline solids 
exist either as single crystal or polycrystalline solids. In single crystals, the atoms are 
repeatedly arranged that extends throughout the entire composite without any 
interruption. In a polycrystalline solid, a collection of single crystals called grains are 
present. In ceramics the grain size ranges from 1 to 50µm. Microstructure is the 
combination of grains, porosity, second phases, etc. Properties of ceramics are greatly 
dependent on the microstructure. Ceramics are hard, brittle, high temperature resistant 
(refractory), corrosion and chemical resistant, electrically and thermally insulative, and 
have low fracture toughness. These are some of the general characteristics of ceramics. 
However, there are exceptions. Some ceramics are electrically and thermally conductive. 
Ceramics are used in cutting tools (inserts), grinding wheels, valve and ball bearings, 
piston components, pump bearings, spark plugs, furnace linings, switching devices, 
filters, turbine blades, and ceramics engines [17]. 
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1.4. Properties of Ceramics 
Following are the properties which make ceramics a merit choice for industrial 
applications where extreme working conditions prevail. 
1.4.1. Hardness 
Hardness is defined as the resistance offered by a material to plastic deformation. It 
depends on elastic moduli, chemical bonding, bond strength, and crystal structure of the 
material. High hardness is necessary for cutting tool or sliding counterface applications. 
Ceramics have high hardness. They are used in cutting tools, grinding wheels, turbine 
blades, bearings, etc.  
Hardness is measured by standard techniques such as Brinell (BHN), Rockwell (HR), 
Knoop (HK), and Vickers (VHN) indentation. Vickers hardness test is commonly used 
for measuring the hardness of ceramics. An indenter is forced into the surface of a 
material. The applied load and the diagonals of the indent on the surface are used to 
measure hardness value.  Figure 1.2 shows a schematic of how hardness is measured.  
Table.1 shows the hardness values of commonly used engineering ceramics. 
 
 
 
 9 
Table.1.1. Hardness values of common  materials [18] 
Material Hardness (GPa) 
            Diamond      76-100 
Cubic Boron Nitride         45 
Boron Carbide         30 
Silicon Carbide         27 
Alumina         25 
Tungsten Carbide         19 
 
 
 
 
        Figure 1.2. Schematic of hardness measurement 
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1.4.2. High Temperature Stability 
High temperatures are experienced during machining, sliding of counterparts, in brake 
liners, and furnaces. Ceramics withstand high temperatures due to their high meting 
points thus making them suitable for these applications for example in cutting tools 
(inserts), aircraft engine gearboxes, automobiles, and industrial furnaces [19].  They are 
used as reinforcement in metals matrix composites to enhance their high temperature 
stability. 
1.4.3. Corrosion Resistance/Chemical Stability 
Corrosion resistance is the ability of a material to withstand the deterioration and 
chemical breakdown when it is exposed to harsh environments. These harsh 
environments include salt water, industrial chemicals, and laboratory reagents. Ceramics 
offer a high chemical stability and excellent corrosion resistance in highly corrosive 
environments. They do not react with water, acids, bases or alkalis therefore they are 
preferred over metals for corrosive environmental applications. They are used widely as 
catalysts, refractory materials artificial joints, and for chemical storage [20]. They are 
also used as construction materials, crockery and decorative items. 
1.4.4. Fracture Toughness 
The ability of a material to resist fracture/failure is called fracture toughness. It is a 
measure of brittleness of a material. It is an important property of a material which 
determines its applicability in several structural applications. Brittleness is the main 
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characteristic of the material with low fracture toughness. Ceramics have low fracture 
toughness values and hence are brittle. In order to extend and the range of applications 
of ceramics, improving the toughness is necessary. Toughness is increased using 
toughening [21].   
1.5. Toughening of Ceramics 
Though ceramics have good hardness, wear resistance, chemical stability and corrosion 
resistance, their fracture toughness is low. Understanding the toughness behavior of 
ceramics is important to understand their failure mechanisms. Researchers have 
investigated ways and methods of improving fracture toughness of ceramics. Toughness 
of ceramics can be bettered by controlling the microstructure [22]. Below are some of 
the toughening mechanisms. 
1.5.1. Particle Toughening 
It was found that brittle materials that contain a second phase tend to have better fracture 
toughness than ceramics without second phase. Increase in volume fraction of the 
dispersed phase increases toughness of a material. There are three ways by which 
toughening can occur as a result of interaction between particles that do not undergo any 
phase transformation and the crack front. They are crack bowing, crack deflection and 
crack bridging. The main aim of these mechanisms is to place obstacles in the path of the 
crack to impede its motion [23]. 
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Crack bowing is a mechanism of toughening in which the reinforcement particles make 
the crack front non-linear and cause them to form a bowed shape between the particles 
due to their resistance to fracture as shown in Figure 1.3. This results a decrease in stress 
intensity factor (K) in the matrix along the bowed section. Crack bowing increases with 
increase in amount of reinforcement (by volume), reinforcement and crack interaction 
and the aspect ratio of the particles [24].  
 
 
` 
Figure 1.3. Schematic of crack bowing 
 
 
In crack deflection the reinforcing particles cause the crack front to deflect around the 
particles thus twisting or tilting the crack from its plane of propagation as shown in 
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Figure 1.4. The change in crack orientation reduces the intensity of the crack extension 
force. The shape of the particles and volume fraction of reinforcement determine the 
toughening intensity. Morphologies like rod shaped grains and whiskers have been most 
effective for deflecting the crack [25].  
 
 
 
Figure 1.4. Schematic of crack deflection 
 
 
Toughening is achieved by bridging of the crack surface behind the crack tip by a 
reinforcing phase. These bridging particles generate forces on the crack face which 
produce lower stress intensity at the tip (Ktip). This reduction slows crack propagation. 
The particles absorb the energy as the crack front advances. The bridging particles can 
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be whiskers, continuous fibers or elongated grains [17]. Figure 1.5 shows schematic of 
crack bridging mechanism. 
 
 
 
Figure 1.5. Illustration of crack bridging mechanism 
 
 
1.5.2. Microcracking 
 Microcracks result in crack branching which leads to distribution of strain energy over a 
large area. This reduces the stress intensity factor at the crack tip. Crack branching 
increases the toughness because the stress required to propagate multiple cracks is more 
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than that for single crack. Zirconia toughened alumina (ZTA) is one good example for a 
micro-crack toughening [26].  
1.5.3. Transformation Toughening 
In ceramic composites such as ZTA, phase changes from tetragonal to monoclinic in 
ZTA ceramics. The volume change caused due to phase transformation in zirconia 
(ZrO2) particles is used to obtain increased toughness. The second phase particles at the 
crack tip transform with a shear thus reducing the tensile stress concentration at the 
crack tip. Thus ZTA has higher toughness due to the presence of monoclinic Zirconia 
(ZrO2) particles. Addition of 15% vol. ZrO2 to a hot pressed alumina (Al2O3) ceramic 
has increased the fracture toughness from 3MPa m1/2  [27] to 10MPa m1/2  [28].  
1.5.4. Fiber Reinforcement 
Whiskers are fibrous, single crystal in structure and do not have a crystalline defect. 
They are prepared under controlled conditions from numerous materials like oxides, 
carbides, halides and organic compounds. Whisker is a single crystal which contains one 
dislocation running through its central axis. Whiskers have yield strength relatively 
closer to the maximum strength of the material [29]. The tensile strength of whisker is 
high (about 7GPa). Incorporating such high strength whiskers into ceramic matrices 
improves the flexure strength and fracture toughness. Fracture toughness of several 
polycrystalline matrices such as Alumina (Al2O3), Boron Carbide (B4C), Silicon Nitride 
(Si3N4) and other ceramics was measured. Recent studies also show that fiber or whisker 
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reinforcement can also be combined with other mechanisms such as transformation 
toughening to achieve enhanced fracture toughness [30] .  
Other factors affect the toughness of ceramics are additives, grain size, density and 
impurities. Tani et al. studied how hardness and toughness were affected by the grain in 
Al2O3 and Yttrium Oxide (Y2O3) ceramics. Their study showed that the fracture 
toughness reduced with increase in grain size. This reduction was caused due to the 
micro-cracks formed during thermal expansion, Y2O3 being cubic and Al2O3 being 
hexagonal caused local micro-stresses due to anisotropy [31].  
Grain size can also result in enhanced fracture toughness of alumina based ceramics 
which was shows in a study by A. Muchtar et al. They attributed this enhancement to the 
shift of fracture mode from transgranular which is seen in coarse grains to the 
intergranular mode of fracture in submicron sized grains [32]. Another milestone in the 
improvement of fracture toughness of alumina ceramics was by using nano sized grains. 
The toughness of alumina ceramics was increased to 8 MPa m1/2 [33].  
1.6. Alumina and Alumina Matrix Composites 
Alumina possesses low density, high hardness, good wear resistance and high strength 
which make it a good choice for structural applications. It also has low thermal 
conductivity, high electrical insulation, and chemical resistance [34]. It is often used in 
high temperature reactions as catalyst, and as a reinforcement material in metals, 
ceramics, and polymers matrix composites and as high temperature insulation. Alumina 
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is also used in cutting tools, grinding wheels and biomedical implants [35]. According to 
early 90‘s statistics, alumina ceramic have a major market as refractories, abrasives, 
white-wares and spark plugs, and engineering ceramics [36]. 
Alumina chemically known as aluminum oxide (Al2O3) is one of the most extensively 
used ceramic for engineering applications. It is abundant in nature. Alumina exists in 
several crystalline phases of which the most stable phase at elevated temperatures being 
hexagonal α phase (corundum). Alumina with α-phase is a desirable material for 
structural and engineering applications. Before alumina is converted to a stable phase 
called the α phase, there are several other intermediate meta-stable phases that are 
formed such as γ(Gamma), χ(Chi) , η(Eta), ε, δ(Delta) , θ(Theta)and Ќ(Kappa). Alumina 
is also used in catalysts, absorbents and soft abrasives. The sequence in which alumina 
transforms depends on material‘s coarseness and crystallinity, rate of heating, impurities 
present and the amount of water vapor in the atmosphere [37]. The properties of 
different grades of alumina are shown in Table 1.2.  
Though, alumina has excellent mechanical and wear resistance, the fracture toughness of 
this material is low. This limits the applications of alumina. Therefore improving the 
toughness of alumina makes it more accessible to applications where increased 
toughness is required [38]. Toughness of alumina has increased the toughness to a range 
of 8- 15 MPa.m1/2. By adding hard secondary phases such as Zirconia (ZrO2), Titanium 
Carbide (TiC), Tungsten Carbide (WC), Silicon Carbide (SiC), Boron Carbide (BC4) and 
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cubic-Boron Nitride (c-BN), the flexural strength and fracture toughness of alumina can 
be improved [39-41]. 
 
Table.1.2. Properties of different grades of alumina [42] 
 
 
Property 
Mullite 
Ceramic 
50-65% 
Al2O3 
C610 
Mullite 
Ceramic  
65-80% 
Al2O3 
C620 
Aluminum 
Oxide 
80-86% 
Al2O3 
C780 
Aluminum 
Oxide 
 86-95% 
Al2O3 
C786 
Aluminum 
Oxide 
95-99% 
Al2O3 
C795 
Aluminu
m Oxide 
>99% 
Al2O3 
C799  
Density 
(g/cc) 
2.6 2.8 3.2 3.4 3.5 3.9-3.98 
Hardness 
(GPa) 
- - - - 15-18 18-23 
Strength 
(MPa) 
120 150 200 250 280 300 
Fracture 
Toughness 
(MPam1/2) 
- - - - 4 4 
Thermal 
Conductivity 
(W/mK) 
2-6 6-15 10-16 14-24 16-28 19-30 
Thermal 
Expansion  
(10-6K-1) 
5-7 5-7 6-8 6-8 6-8 7-8 
 
Zirconia toughened alumina (ZTA) ceramics display improved strength, hardness and 
fracture toughness. Zirconia is added to alumina to assist sintering. It improves the 
densification allowing the formation of solid solution which introduces lattice defects.  
Microstructures showed the presence of two distinct phases that form a solid solution. 
The increase in toughness is due to phase transformation and grain bridging.  The 
transformation of phases from meta-stable tetragonal to monoclinic causes the 
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toughening in ZTA. The presence of zirconia grains as a second phase in the matrix 
enables the transformation process.  A volume expansion of 4% and shear strain of 6% 
also occurs due to phase transformation which provides a compressive stress that 
eventually reduces and stops crack propagation [43, 44]. A previous work showed that 
the fraction of zirconia (by volume) added to alumina is directly related to the fracture 
resistance of the composites [45-48]. However, the hardness of the composites 
decreased. The lower hardness of tetragonal zirconia compared to pure alumina along 
with high transformability in heat treated ZTA composite caused the reduction in 
hardness. This transformation is inversely proportional to hardness [49, 50]. 
In a study by Cai et al. the effect of TiC on the properties of alumina was investigated. 
They found that both hardness and fracture toughness of the composite increased with 
increase in the content of TiC up to 30%. Harder TiC particles increased the overall 
hardness of the composite and toughness was increased due to the crack deflection, grain 
bridging and divergence effects produced by TiC grains. You et al. found that the 
thermal mismatch between matrix and reinforcement induced thermal stresses. These 
stresses blunt and arrest the micro-crack and improve the toughness of the composite. 
Addition of TiC reduced the grain size of alumina and improved flexural strength (σ f ), 
fracture toughness (K IC) values which inducted an improvement in thermal shock 
resistance to the composite. The TiC particles also contributed to suppressing the 
initiation and propagation of the crack. They modified the intergranular mode of fracture 
in monolithic alumina to intergranular and transgranular mode of fracture in the 
composite. As a result, the thermal shock resistance of the ceramic improved [51, 52].  
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WC is a common alloy with high hardness, chemical stability and resistance to high 
abrasion due to which it is extensively used in machine tools and protective coatings. 
WC is proven to improve mechanical properties of ceramic matrix when added as a 
second phase. This is due to the uniform distribution of tungsten carbide particles which 
are irregular in shape in a fine grained dense alumina matrix. The existence of WC 
particles suppressed the growth of alumina grains which resulted in increase of flexural 
strength of the composite. When the crack meets a WC particle, the direction of crack 
path is tilted. Thus, introduction of a WC particle produces an intricate crack path which 
delays the propagation of crack by weakening the crack tip. This is responsible for 
toughening and strengthening the composite [53].  
Mok et al. has investigated on the effect of addition of SiC particles to alumina matrix. 
Alumina-SiC composites have higher strength and hardness compared to the pure 
alumina matrix. But the fracture toughness remained constant. The reduction in size of 
the fracture initiating flaws like processing flaws compared to monolithic alumina was 
the reason behind the increase in strength of the composite [54-56]. In a study by Ando 
et al. alumina-SiC composites have excellent ability for crack healing. Fracture 
toughness of the composite was also increased and was 1.6 times higher than monolithic 
alumina. It was found that bridging and grain pull out effects caused by SiC whiskers led 
to the improvement of fracture toughness [57]. 
B4C is used as reinforcement in ceramic matrix because of its high mechanical strength 
and Young‘s modulus. It was studied and postulated that by dispersing non-equiaxed 
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B4C particles or whiskers in alumina matrix, the fracture toughness and flexural strength 
of the composite will be improved. These composites would also be lighter compared to 
other alumina matrix composites [58].  Liu and Ownby studied the effect of addition of 
boron carbide whisker to alumina matrix and the mechanisms that led to the 
improvement of mechanical properties of the reinforced composite. They found that the 
fracture toughness of the composite was considerably higher than the alumina matrix. A 
resistance to sudden crack propagation due to whisker pull out was evidenced. Other 
mechanisms that led to increase in toughness of the composites are the interactions of 
crack with the hard B4C particles and also due to redistribution of stress at the crack tip 
when B4C particles are encountered. The mode of interaction of the crack with the 
particles could be due to crack bridging, grain bridging, crack branching and crack 
deflection [59].  
In a study by Shonhiwa et al. they used reaction bonded aluminum oxide (RBAO) 
process to produce dense alumina ceramics. RBAO is a used to produce denser alumina 
matrices at lower temperatures compared to conventional sintering processes. In this 
process, Aluminum (Al)/ Al2O3 powder compacts are used. They are heat treated in air 
so that the entire aluminum is oxidized to form Al2O3 to form denser monolithic 
composites. They also minimize the shrinkage caused during sintering. Alumina matrix 
composites were prepared by using c-BN as reinforcement. c-BN is the second known  
hardest material to diamond and it is widely used in cutting tools and abrasives 
industries especially for machining ferrous alloys [60, 61]. It was observed that by 
addition of c-BN into alumina matrix by RBAO process, the resulted composites had 
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higher density than the conventionally sintered composites.  The densification of the 
composites in the reaction bonded composites was better than the conventionally 
sintered composites due to the fact that c-BN acts as a rigid inclusion during sintering 
process. The composites also showed higher hardness and fracture toughness and they 
also increased with increase in c-BN content. Increase in hardness is due to the higher 
hardness of c-BN. Crack deflection and grain bridging caused by c-BN grains improved 
fracture toughness. Crack deflection was mainly caused due to intrinsic stresses 
produced by mismatch of thermal expansion of the two phases [62].  
1.7. Tribology of Ceramics 
Tribology was first used in the United Kingdom in the year 1966 for describing the areas 
of friction, wear and lubrication. Tribology is a field of study which aims at reducing 
wear, increasing life of mechanical and mechatronic systems by reducing or optimizing 
friction. Friction and wear are unavoidable when surfaces are in contact and experience 
relative motion. They cannot be totally eliminated but their effects can be minimized to 
economically tolerable levels [63]. 
1.7.1. Friction 
Friction is defined as the resistance offered by one body moving over the other. 
Frictional force is the force due to resistance which is tangential to the interface between 
sliding bodies. The relationship between frictional force and normal load is given as 
                                                           µ= F/N                                                                   (1) 
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where ―µ‖ is the coefficient of friction, ―F‖ is the maximum frictional force and ―N‖ is 
the normal force acting on the object to be moved [1]. 
Friction plays an important role in our daily lives. We cannot walk without friction. 
Vehicles cannot ride on the roads without friction. Friction was first studied and 
documented by Leonardo da Vinci (1452-1519). Later, in 1699 Amontons formulated 
the laws of friction which are: 
 Friction is proportional to the normal load 
 Frictional force is independent of the apparent area of contact 
 Frictional force is independent of sliding speed 
Different types of friction behavior can be observed depending on material properties 
and the testing conditions. These variations could be due to topographical, chemical, or 
structural modifications of the contacting surfaces. It also includes oxidation, diffusion, 
melting, polishing, transformation of phases or removal of material [64]. 
There were several models of friction developed by various physicists. Amontons and 
Coulomb made important contributions to the field of tribology. They conducted 
experiments related to the mechanical interaction between rigid or elastically deforming 
asperities. Coulomb recognized that not all energy generated is available for work and 
non useful energy at the tribological interface is dissipated as plastic deformation or heat 
or formation of new surfaces through fracture [65].  
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Tomlinson also proposed a model for friction. He considered friction behavior in the 
perspective of atomic attractive and repulsive forces at the contact surface. The 
limitation of this model was that if there is elastic contact at atomic scale then there will 
be no damage on the contact surface. But material transfer is often observed on the 
contact surface.  Therefore, tribological interactions should be on a larger scale [66]. 
Most current theories of sliding friction were proposed by Bowden and Tabor. This 
theory assumes that frictional force occurs from two sources: adhesive force and 
deformation force. An adhesive force required to shear the adhesive bond and a 
deformation force required to deform the asperities of the softer material in the path of 
the asperities of the harder material elastically or plastically as shown in Figure 1.6. 
Although in later developments of this theory they made it clear that it is convenient and 
illuminating to consider these two sources separately. Therefore the resultant frictional 
force F is the sum of adhesive force (Fadh) and deformation force (Fdef) [67].  
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Figure 1.6. Schematic showing adhesive and deformation forces 
 
                                               F=   Fadh  +   Fdef                                                                                                 (2)   
            µ= (Fadh  +   Fdef)/N                                                            (3) 
             µ =   µadh   +    µdef                                                                                             (4)                                                    
In case of composites, the presence of surface films and contamination strongly affect 
the adhesive strength and resulting friction. Presence of oxides or absorbed films or 
grease prevents intimate contact between the surfaces. When a surface containing solid 
lubricants such as graphite dispersed in a metallic matrix comes in contact with another 
surface, the solid lubricant layer covers the mating surface thus reducing the adhesion 
friction. Thus the thin layer takes care of the adhesion part of the friction. However, the 
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deformation coefficient of friction is determined by the mechanical properties of the 
substrate [68]. 
Singer et al. studied the pressure dependence of friction of molybdenum disulfide films 
[69]. Bowen and Tabor also developed a theory for thin film lubrication which relates 
the coefficient of friction to contact pressure and expressed the coefficient of friction as 
                                      µ= τ/P                                                                                                               (5) 
where ―τ‖ is the shear strength of the interface and ―P‖ is the contact pressure [67].  
Bridgeman [70] proposed that at high pressures, the shear strength of the solids is 
dependent on pressure given by the relation  
                      τ= τo + αP                                                                      (6) 
where ―τo‖ and ―α‖ are material properties that control friction. Then the coefficient of 
friction under this condition becomes 
                                               µ= (τo + αP)/ P = (τo/P) + α                                           (7)              
The mechanical property (α) and contact pressure (P) for balls and flat substrates is 
given by the mean Hertzian pressure. Thus by rewriting equation (5) we get, 
                                                µ= τoπ (3R/4E)2/3L-1/3 + α                                               (8)              
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where ―E‖ is the composite elastic modulus of the couple, ―R‖ is the radius of the ball 
and ―L‖ is the load. This relation applies when the loading condition is below the elastic 
limit. From equation (8), it can be observed that  
                                                 µ ∝ L-1/3                                                                           (9) 
which shows that coefficient of friction will decrease with increase in applied load, 
which is not in agreement with Amontons‘ and Coulomb‘s explanation. This relation is 
valid in the case of MoS2 films. The coefficient of friction reduced with increase in load. 
This behavior is also shown by diamond-like carbon (DLCs) coatings. Ball-on-flat 
friction tests were conducted for loads below the yield point of the substrate. The 
coefficient of friction reduced from 0.2 to 0.01 with an increase in contact pressure from 
0.3 GPa to 1.5 GPa [71].  
1.7.2. Wear Mechanisms 
Wear is defined as the continuous loss of material from the sliding interfaces.  Wear 
occurs by mechanical and/or chemical means, and by frictional heating. It is primarily a 
system property which depends on load, velocity, temperature, etc. Wear volume is 
inversely proportional to hardness given by the relation 
                                                    V= KWL/(3H)                                                            (10) 
where ―V‖ is the wear volume, ―H‖ is the hardness of the wearing material, ―K‖ is a 
proportionality constant called wear coefficient, ―W‖ is the normal load, and ―L‖ is the 
sliding distance [72]. 
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Wear is usually described in terms of specific wear rate ―kw‖ given by the formula 
                                     kw= Vw/(F.s)  [m2/N]                                                     (11) 
where ―Vw‖ is the wear volume, ―F‖ is the load applied and ―s‖ is the sliding distance. 
Wear mechanisms are classified into adhesive wear, abrasive wear, delamination/fatigue 
wear, tribo-chemical wear [1]. 
1.7.2.1. Adhesive Wear 
 Adhesive wear occurs when asperities of two solids in contact adhere each other during 
sliding process as shown in Figure 1.7.  The binding forces at the junction become 
stronger than that of the binding forces within the solid. The type of adhered layer 
formed depends on how hard the sliding materials are. In general three types of layers 
are formed [73]: 
 Thin continuous film adhered to both contacting surfaces 
 Thick continuous film adhered to both  or one of the surfaces 
 Thick discontinuous film adhered to both contacting surfaces 
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Figure 1.7. Schematic of adhesive wear 
 
 
1.7.2.2. Abrasive Wear 
Abrasive wear is caused by the removal or displacement of material due to the presence 
of hard asperities on the counterface. These hard asperities may result in grooving, 
ploughing or scratching depending on the properties of surfaces at interface. This 
mechanism is important during wear when the material is pulled out of the parent 
surface and is captured between the moving surfaces. If harder material is pulled out, 
this will act as additional abrasive material and cause wear of the softer material as 
shown in Figure 1.8. Hardness of a material plays a vital role in this mechanism, 
especially the difference in hardness between the contacting materials [74]. 
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Figure 1.8. Schematic of abrasive wear 
 
 
 
Figure 1.9. Schematic of fatigue/ delamination wear 
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1.7.2.3. Delamination/Fatigue Wear 
Delamination is large wear of particles removed by plastic deformation of the surface 
layer. It is followed by nucleation of subsurface crack and crack propagation as shown in 
the Figure 1.9. Delamination theory is described by the following sequential steps 
leading to wear sheet formation which loosens from the surface.  
The contact points act as an avenue to transmit the normal and tangential loads when two 
surfaces are in contact. Softer asperities are deformed easily due to fracture and form 
small wear particles where as harder asperities are removed at a slower rate. A relatively 
smoother surface is formed when these asperities are deformed or removed.  
 Incremental plastic deformation is induced at the contact points because of 
the attractive force exerted by harder asperities on the surface.  
 Nucleation of cracks below the surface due to increase in continuous 
deformation in the subsurface. The nucleation of crack does not occur very 
close to the surface due to existence of tri-axial compressive load right below 
the contact region. 
 Once a crack is generated or already present, further loading and deformation 
causes the crack to extend and propagate. These cracks propagate parallel to 
the surface. The depth of the crack depends on the state of loading and 
properties of the material. 
 Finally when the crack reaches the surface, delamination occurs from the 
surface as thin sheets. The location of the subsurface crack determines the 
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thickness of the wear sheet. Rate of crack nucleation or propagation, 
whichever is slower, determine the wear rate [75]. 
1.7.2.4.Tribo-chemical Wear 
Tribo-chemical wear is mainly caused due to environmental effects divided into three 
types: 
 Formation of layers due to absorption 
 Change of surface properties due to absorption 
 Formation of tribo-chemical products as shown in Figure 1.10. 
The influence of environment on tribo-chemical wear is due to the moisture in the air or 
due to high temperatures. Tribo-oxidation wear is a common type of tribo-chemical 
wear. Due to friction, an increase in temperature assists the growth of an oxide layer 
which detaches or peels off from the surface when it reaches a critical thickness. The 
debris thus created either participates in the wear process or get removed from the path 
of sliding. 
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Figure 1.10. Schematic of tribo-chemical wear 
 
 
The above four wear mechanisms can vary from either mild to severe wear depending on 
other system parameters such as load, humidity, velocity and material properties like 
hardness, toughness and thermal conductivity [76]. 
1.8. Methods to Improve Friction 
Surface properties such as adhesion and friction play a vital role in the performance 
optimization of sliding systems ranging from micrometer to nanometer scales. The 
devices that include sliding systems are pump bearings, turbo-machinery parts, dental 
implants, prostheses joints, MEMS, and NEMS devices, etc. Surfaces with better 
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tribological properties can improve system efficiency  [77]. Hence, there is a need to 
develop a new class of materials with enhanced surface properties. Surface modification 
treatments such as texturing, thin film layer, and coating can improve surface properties 
of materials.  
1.8.1. Texturing 
Load capacity, wear resistance, and friction coefficient were significantly improved for 
laser textured surfaces. Micro-dimple served either as a micro-hydrodynamic bearing or 
as a micro reservoir for lubricants depending on the type of lubrication. Laboratory tests 
showed that friction substantially decreased in textured surfaces when compared to the 
non-textured surfaces [78]. 
1.8.2. Thin Film Layer 
The AFM study of self assembled monolayer (SAM) showed that hexadecane thiol 
(HDT) with a-CH3 terminal exhibited lower frictional and adhesive forces. This was due 
to the presence of the terminal group which produced low work of adhesion. Orientation 
of SAMs below the critical normal load was observed. The study also reported that 
friction increased  as humidity increased due to the higher adhesive forces in the contact 
zone, and it was reduced due to an enhanced water-lubricating effect [79]. 
 
 
 35 
1.8.3. Coatings 
Wettability influences the fluid film layer and consequently both the friction and wear of 
the articulating surfaces in total joint arthroplasty. The wettability study of orthopedic 
materials such as alumina, zirconia, cobalt chrome (CoCr), and oxidized zirconium 
(ZrOx) and diamond-like carbon (DLC) coating on CoCr showed that the smaller contact 
angles for the oxide ceramic surfaces indicate that they tend to have more wettability 
than metals, which may help explain their lower friction and superior adhesive wear 
performance [80] . Surface properties such as roughness, hydrophobic and/or 
hydrophilic nature of the surface influence the coefficient of friction and wear of 
components due to sliding [81]. The improved friction leads to better performance, 
energy efficiency, and sustainability. This is true in the case of high and low friction 
requirements. 
Surface properties of a material can also be improved by adding desired friction modifier 
(solid lubricant). Several researchers found that incorporation of solid lubricants to metal 
or ceramic matrix enhanced their tribological properties.  Self-lubricating ceramic 
matrices with soft lubricating dispersed phases have been used for various temperature 
tribological applications. For example, Jianxin et al. studied the tribological Al2O3/TiC 
ceramic composites with addition of CaF2 as solid lubricant. Hot pressing was used to 
produce the composites. Addition of Calcium fluoride (CaF2) to Al2O3/TiC ceramic 
composites gave low friction values by sliding it against cemented carbide and hardened 
steel counterface. The presence of CaF2 reduced the friction values. The hexagonal 
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crystal structure with easy shear led to effective lubricating performance. CaF2 which 
covered the worn surface acted as a solid lubricant between the material surface and the 
counterpart. This means that self lubrication was achieved by the presence of dispersed 
CaF2 in the matrix [82]. 
Gangopadhyay et al. studied the effect of graphite on the friction and wear characteristic 
of alumina matrix composites. They studied the alumina-graphite containing 22% 
graphite. The counterpart used in their experiment was a steel ring. Although the 
coefficient of friction reduced from 0.5 of the alumina matrix to 0.3 of the composite, 
reduction in friction was not noticeable due to the absence of graphite in the transfer 
film. The transfer films formed on the steel counterface contained very less amount of 
graphite and a thick compacted layer was formed on the surface of the composite which 
resulted in full coverage of the graphite regions. The supply of solid lubricant is 
controlled by the wear of the ceramic matrix. They noticed that low wear rate of 
alumina-graphite composites restricted the supply of graphite to the interface. The larger 
wear rate of the steel counterface which produced oxides covered the graphite regions 
thus reducing the supply of graphite further. Their results suggest that the tribological 
properties of ceramic matrix composites can be improved by selecting a proper solid 
lubricant, matrix material and a counterface.  It is important that the solid lubricant phase 
is not covered completely by non-lubricating wear debris. There should be enough room 
for the lubricating film to form on the sliding surfaces. The formation of continuous 
solid lubricant film is the major advantage of these composites. It allows the solid 
lubricant to be exposed on the surface as long as the material wears out [83].  
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Carrapichano et al. studied the effect of boron nitride (BN) on the tribological behavior 
of the silicon nitride (Si3N4) ceramics. They used hexagonal boron nitride (h-BN) 
platelets to enhance the tribological properties of the composite. The coefficient of 
friction was low compared to the pure Si3N4 ceramics. The decrease in friction was 
comparatively more when the platelets of h-BN aligned parallel to the direction of 
sliding. This was due to the easy shear in the direction of the crystallographic planes of 
h-BN particles. The coefficient of friction reduced from 0.85 to 0.65 by addition of 10% 
h-BN to Si3N4 matrix [84].        
Thus it is evident that incorporation of reinforcement into matrix material to form 
ceramic-matrix composites has shown a considerable improvement in mechanical and 
tribological properties. These multifunctional composites can be prepared to obtain 
tailored tribological properties to meet the industry demand. 
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CHAPTER II 
MOTIVATION* 
 
As discussed in Chapter I, the phenomenon of friction is an integral part of our society. 
It has life saving benefits such as braking systems in vehicles to prevent damage to life 
and property. It also has negative effects such as robbing machines of energy which 
otherwise could produce useful work with higher efficiency. The estimated cost of 
resources wasted at sliding interfaces such as piston ring/ cylinder, drill/ hole or tool/ 
work piece can be saved by reducing the friction. By reducing the friction at interfaces, 
efficiency of systems can be increased which lead to low initial and maintenance costs. It 
also reduces the downtime and repair costs. For example, multiple rotary systems such 
as bearings, gear boxes, shafts, rotors, etc with low friction surfaces increase the life 
time and performance of mechanical systems.  
Alumina is a well understood ceramic for its tribology. It is a desirable material in many 
structural and engineering applications due to its hardness, high temperature stability and 
wear resistance. In this investigation, Alumina will be used to prepare multi-functional 
composites for desired properties.  
____________________ 
* Reprinted with permission from Paluri, R., Ingole, S.: Surface characterization of 
novel alumina-based composites for energy efficient sliding systems. Journal of 
Materials. 63, 77-83 (2011), Copyright [2011] by The Minerals, Metals & Materials 
Society. 
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The main objectives of this thesis are: 
 Synthesis of a new class of alumina based ceramic multifunctional composites 
 Characterization of phases, study of microstructure, physical, and mechanical 
properties of the composites 
 Study of the surface properties (friction and wear) of the composites 
The alumina ceramic matrix composites developed here will be useful for low friction 
and wear applications. They will be beneficial for the improvement of efficiency at 
sliding interfaces. This will lead to low maintenance costs, low downtime and improved 
life and performance of sliding components.  
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CHAPTER III 
EXPERIMENTAL DETAILS* 
 
This chapter deals with the materials, surface characterization tools and tribology, and 
the experimental procedure used. Alumina has always been a point of interest to 
ceramists and tribologists. To improve the surface, mechanical and tribological 
properties of alumina composites, amorphous boron was used as reinforcement.  
The effect of boron on the properties of alumina composites has been investigated. 
Alumina with boron nitride and boron carbide has been used in the field of structural and 
refractory ceramics and extensively investigated.  
3.1. Materials  
To synthesize and characterize the ceramic composite, the materials used were 
3.1.1 Poly- Crystalline Alumina 
Poly-crystalline 600 grit alumina powder was used as the matrix material. It is supplied 
by Buehler Inc. USA. The particle size of alumina used in this investigation was 14 μm. 
It is white/silver in appearance and is insoluble in water.  
____________________ 
* Reprinted with permission from Paluri, R., Ingole, S.: Surface characterization of 
novel alumina-based composites for energy efficient sliding systems. Journal of 
Materials. 63, 77-83 (2011), Copyright [2011] by The Minerals, Metals & Materials 
Society. 
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It does not have an odor and is lighter than air. These powders are used in lapping and 
polishing applications. They have been used for rough and final polishing for a long 
time. They are inexpensive and easily available. Poly-crystalline alumina has greater 
than 99% purity. Figure 3.1 is the Environmental Scanning Electron Microscope 
(ESEM) image of as received alumina powder. 
 
 
 
Figure 3.1. ESEM image of poly-crystalline alumina 
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3.1.2. Boron 
Elemental amorphous boron powder (SB boron 95 fine) supplied by SB Boron 
Corporation, USA was used as reinforcement material. It has 95-97% Boron and other 
elements such as Magnesium up to 1.5%. SB boron 95 is widely used in various fields 
such as in aerospace, nuclear, automotive, etc. It is produced in an Argon atmosphere to 
prevent any contamination. Figure 3.2 is the ESEM image of as received SB boron 95 
powder. 
 
 
 
Figure 3.2. ESEM image of SB boron 95 powder 
 
 43 
3.2. Properties 
The properties of alumina and boron compounds are given in the Table 3.1. 
 
 
Table 3.1. Properties of alumina and boron [85] 
Material Properties Alumina (99.9%) Boron 
Density (g/cc) 3.9  2.34 
Melting point (oC) 2000 2300 
Young‘s modulus (GPa) 410      - 
Hardness, (GPa) 9-12      - 
 
3.3. Composite Synthesis and Preparation 
In the development of composite material, synthesis process is a key step. There are 
several methods in which ceramics are synthesized. Some of them include sol-gel 
synthesis, gas-phase combustion, forced impregnation, etc. To synthesize the alumina 
composite premixing, cold compaction and sintering were used.  
3.3.1 Powder Mixing and Compaction  
The alumina composites were synthesized by mixing the powders uniformly with 
varying weight percentages (wt %) of boron to prepare green compacts. Three wt % of 
boron were used (i.e. 1, 2, and 3). Care was taken to avoid lumps powder particles in the 
mixture. Uniform mixing enables the uniform distribution of reinforced material in the 
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composite. A small amount of water is used as a binder. After adding water to the dry 
powder mixture, it is further mixed carefully.  
The green powder mixture is then compacted into discs of approximately 13mm 
diameter and 6mm tall. A table top Laboratory Pellet Press with Built-in Hydraulic 
Pump and die manufactured by Across International, USA was used to prepare the green 
compacts. A pressure/ load of 10MPa was used for 5 minutes. The green compacts were 
removed carefully from the die set. Figure 3.3 shows a desktop pellet press with a built 
in hydraulic pump with a capacity of 15 metric tons.  
 
 
 
Figure 3.3. Across International table top laboratory pellet press  
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3.3.2 Sintering 
A Barnstead Thermolyne 4800 Muffle furnace as shown in Figure 3.4 was used to sinter 
the composites. Temperatures used to sinter the composites were 1200oC and 1500oC. 
The composites were sintered for 1 hour at a heating rate of 0.50/sec. The composites 
were air cooled.  
 
 
 
Figure 3.4. Barnstead thermolyne 4800 muffle furnace 
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3.4. Physical and Mechanical Characterization 
3.4.1 Density Measurement 
Density of ceramics is determined using ASTM standard procedure C373 which is based 
on Archimedes‘s principle as shown in Figure 3.5. Archimedes‘ principle states that the 
weight of an object in a fluid is equal to its dry weight minus buoyant force. Density was 
calculated from weight of the composite and the volume of the fluid dispersed.  
The items used in the density measurement of the composites were an over flow can, a 
glass beaker and pan. Kerosene was used as the working fluid. Kerosene was filled in the 
overflow can. A beaker was placed under the mouth of the overflow can. The 
composites were placed in a pan suspended with a string and then immersed in the fluid. 
The volume collected in the glass beaker from the overflow can was measured and the 
volume of the pan was subtracted. The density was determined for all the composites 
separately. The experiment was repeated for five times for each composite.  
 
 
Figure 3.5. Density measurement equipment supplied by Pasco 
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3.4.2 X-Ray Diffraction (XRD) 
XRD is a powerful non-destructive characterization tool for qualitative and quantitative 
phase analysis of crystalline materials. XRD is used to identify the crystallinity of 
materials. It works by the principle of Bragg‘s law of diffraction. A monochromatic X-
ray source is used to irradiate a composite. Since this technique is sensitive to crystal 
structure and lattice spacing, various chemical phases and compounds can be identified. 
Each phase or compound has a characteristic peak defined by positions (2Theta) and 
intensities. A database of currently identified patterns for powder diffracted materials 
exists in the International Center for Diffraction Data (ICDD®). 
Phase formation and identification was studied using Bruker-AXS D8 Vario X-ray 
powder diffractometer at Texas A&M University Chemistry department.  Cu-Kα 
radiation as source fitted with Lynx EYE detector was used. A flat plate composite 
holder was used to mount the composites. The intensity (I) was recorded continuously as 
the composite rotates through the respective range of angles. For phase identification, 
measurements were recorded for a wide range of angles (2θ) ranging from 5o to 80o at 
40Kv and 40mA. A scan speed of 0.0148 was used with an equivalent counting time of 
19.2 s per step. Bruker EVA software was used for analysis. Figure 3.6 shows a picture 
of Bruker AXS D8 Vario X-Ray Diffractometer. 
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Figure 3.6. Bruker-AXS  D8 vario x-ray powder diffractometer 
 
 
3.4.3 Fourier Transform Infrared (FTIR) Spectroscopy 
The infrared spectra (FT-IR) of the composite were recorded at room temperature. The 
powders of the sintered composites were prepared for the study. The composite powders 
were run on sodium chloride cells, on a Thermo Nicolet IR300 Spectrometer, using EZ 
OMNIC Version 6.0a software. Two spectra were recorded for each composite for 
varying sintering temperatures and compositions. Scan rate of 18 spectra per second was 
used.  The spectrometer at Texas A&M University, Galveston as shown in Figure 3.7 
was used for conducting the experiment. 
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Figure 3.7. Thermo Nicolet IR300 spectrometer 
 
 
3.4.4 Porosity and Grain Size Measurement Using Optical Microscopy 
Composites were prepared for optical microscopy by polishing from 320 grit SiC 
polishing paper followed by 400, 600, 800, and 1200 grit papers. Finally they were 
polished using a 2μm diamond paste.  The composites were cleaned thoroughly with 
water and acetone to ensure removal of any foreign particles residing on the surface. 
Leitz MM6 Large Field Metallographic Microscope as shown in Figure 3.8 was used for 
assessment of grain size, phase formation, and porosity.  
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Figure 3.8. Leitz MM6 large field metallographic microscope 
 
 
 
 
Mechanical properties of the ceramics depend on the micro structural characteristics 
such as grain size and porosity. Thus, it is essential to quantify these characteristics. The 
polished surfaces were etched thermo-chemically. Thermo-chemical etching involves 
chemical etch followed by thermal annealing at a low temperature for about 10 minutes. 
Chemical etching was performed with a mixture of 0.8N orthophosphoric acid and 0.5N 
nitric acid in the ratio of 3:1. Then they were thermally etched at 1150OC for a duration 
of 10 minutes to reveal the grains [86].  Microscopic images were processed using image 
processing software Adobe Photoshop®. The grain size is measured as per the ASTM 
E112 standards [87]. ImageJ®, an image analysis software developed by National 
Institute of Standards and Testing (NIST) was used to measure porosity and grain size.   
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3.4.5 High Resolution Microscopy Study Using ESEM and SEM 
An Electro Scan E3 Model ESEM as shown in Figure 3.9 was used to collect 
micrographs of the composite surfaces. An accelerating voltage of 15 kV was used. In 
Scanning Electron Microscope (SEM) high-resolution images of the composites are 
obtained by scanning a focused beam of electrons over the surface of a composite which 
is electrically conductive. A working distance of 14mm was used. The advantage of 
using ESEM is that it allows the non-conductive composites to be scanned without any 
conductive coating or preparation. The secondary electron emitted are collected and 
processed on the viewer monitor as a series of pixels. 
 
 
 
Figure 3.9. An electro scan environmental scanning electron microscope  
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All the polished composites were scanned using ESEM. The tribo tracks obtained from 
friction tests were also studied under the ESEM to understand the wear behavior of the 
composites. Wear tracks were scanned at different locations on the composites at 
different magnifications.    
 
 
 
Figure 3.10. Cameca SX50 electron probe micro analyzer 
 
 
Cameca SX 50 was used for elemental analysis of the wear track. It performs qualitative 
and quantitative chemical microanalysis with high accuracy. Cameca SX 50 is equipped 
with four wavelength dispersive X-Ray spectrometers, dispersive X-ray system and 
cathodoluminescence detector as shown in Figure 3.10. Its capabilities include 
quantitative Wavelength-Dispersive Spectrometry (WDS) analysis, qualitative and 
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quantitative Energy-Dispersive Spectrometry (EDS), X-ray distribution mapping, Back-
Scattered Electron (BSE) imaging, Secondary Electron (SE) imaging and cathode digital 
imaging. Composites are polished to 0.25μm finish and coated with carbon coating of 
~150 Angstroms (Ao) using a Ladd carbon evaporator to ensure conductivity. The 
composites are placed on a holder and placed inside the chamber for analysis. An 
accelerating voltage of 15 kV was used. The wear tracks were scanned to study the 
elements present on the composites. 
3.4.6 Vickers Hardness Test 
Hardness is used to measure the resistance of a material to deformation. Hardness tests 
are more commonly performed compared to any other mechanical test since they are 
simple and non-destructive. The following equation was used to calculate the hardness 
of the composite.  
HVN= 1.8544 (P/d2) Vickers hardness number                                     (12) 
HV= 0.0018544 (F/d2) GPa                                                                   (13) 
where HVN represents the hardness value in Vickers Hardness number units and HV 
represents hardness in GPa. ―P‖ is the load in newton (N) and ―F‖ is the load in kilogram 
force (kgf) and ―d‖ is the average of the diagonals of the indentation in millimeter (mm) 
[88]. 
Hardness of the composites was measured using a Leco LM300 Vickers hardness 
machine as shown in Figure 3.11. The load is applied using a 1360 square based diamond 
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pyramid indenter. Hardness is calculated by measuring the length of diagonals on the 
resulting indentation surface using an optical microscope. HVN and GPa units are used 
to present the Vickers hardness number which is determined by dividing the load applied 
by the indenter by the surface area of the indenter in square millimeters( mm2) [89].   
The polished composites were tested with applied load of 1Kg for a dwell period of 13s. 
Six indentations were performed on each composite as recommended by the ASTM E 92 
standard [90].  
 
 
 
Figure 3.11. Leco LM300 vickers hardness machine 
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3.5. Surface and Tribological Characterization 
3.5.1 Surface Roughness Measurement 
A portable Mitutoyo Surftest SJ-301 roughness tester as shown in Figure 3.12 was used 
to measure the surface roughness values of the composites. The surface roughness is 
measured in contact mode. The roughness tester has a sharp stylus or tip attached to the 
detector arm. The tip traces the surface at a constant rate. The principle of working of a 
surface roughness tester is that the surface roughness is measured by an induction coil in 
the detector. The change caused in the inductive value of the coil generates an analog 
signal. This inductive value is proportional to the surface roughness.  This analog value 
is converted to a digital signal which is stored and displayed on the screen of the 
roughness tester. The surface roughness tester can measure various parameters such as 
Ra, Ry, Rz, Rq, Rm, etc.  
 The drive/detector is attached to the height gage and the work piece/composite is placed 
in position. The stylus is brought in contact with the measuring surface properly and 
made sure that the detector is parallel to the measuring surface. The roughness values are 
measured and the data is processed. ‗Ra‘ which is the arithmetic mean roughness of a 
surface is recorded. The displayed data is printed using an inbuilt printer. The 
experiment is repeated five times to ensure the accuracy. The equipment is first 
calibrated by using the reference composite. The radius of the tip is 10μm. A sampling 
length of 0.1‖ (2.5 mm) was used to measure the roughness. The surface roughness 
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values of the as sintered and polished composites for all the compositions were 
measured.  
 
 
 
Figure 3.12. Mitutoyo surftest SJ 301 roughness tester 
 
 
3.5.2 Contact Angle Measurement 
Contact angle was measured using a home built contact angle goniometer. A video 
camera was attached to one of the eye pieces of a stereoscope. The composite was 
mounted on a holder which can be adjusted in vertical and lateral directions. Distilled 
water was used as a test fluid. A surgical needle and tube were used to develop fissile 
drops of water during experiment. A light was used in the background for better contrast 
of the water droplet. The assembly of the goniometer is shown in Figure 3.13. Camera 
was adjusted so that the entire section is devoted. An initial video image of the 
composite was obtained and was later processed using Windows movie maker and 
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Adobe Photoshop®. The contact angles on left and right of the droplet were measured 
using AutoCAD®.  Each experiment was repeated six times and the average of the 
contact angles was calculated.  
 
 
 
 
Figure 3.13. Home built contact angle goniometer  
 
 
 
3.5.3 Friction and Wear Tests 
Dry reciprocating ball-on-flat tests were performed on the composites using a CSM 
Tribometer as shown in Figure 3.14. This method utilizes a spherical counterpart that 
slides against a flat composite in a linear sliding motion. The ball was fixed rigidly in the 
holder and attached to the load arm. The flatness of the load arm and the composite was 
checked using a spirit level. All tests were conducted room temperature and at a relative 
humidity of 50-55%. Normal load, sliding speed, and sliding distance were monitored 
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throughout the test. The reciprocating tests were conducted using a track length of 6mm. 
A normal load of 1N was applied for a period of 30 minutes. A sliding speed of 1 cm/s 
was used. AISI 52100 bearing ball of 6mm diameter was used as the counterpart (sliding 
pair). Coefficient of friction was recorded using the data acquisition software. Average 
coefficient of friction was measured by considering the values at different points of time.    
X-Ray analysis was performed on the wear tracks. ESEM and optical microscope were 
used to study the worn surface morphology. EDS and SE image techniques were used to 
analyze the worn surfaces.  
 
 
  
 
Figure 3.14. Standard CSM tribometer 
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CHAPTER IV 
CHARACTERIZATION OF ALUMINA CERAMIC COMPOSITES* 
 
4.1 Physical and Mechanical Characterization 
4.1.1 Phase Characterization  
4.1.1.1 X-Ray Diffraction (XRD) 
It was observed from Figure 4.1 that Aluminum diboride (AlB2),  Boron Oxide (B2O3), 
and Aluminum Borate (Al18B4O33) were formed at all compositions of boron when the 
composites were sintered at 1200oC. With increase in wt % of boron, the intensity of 
Al18B4O33 phases increased as observed from Figure 4.2. Reasons to form B2O3 are the 
sources of oxygen either from the environment as the sintering was conducted in open 
environment or the water used as binder.   
 
 
 
 
 
____________________ 
* Reprinted with permission from Paluri, R., Ingole, S.: Surface characterization of 
novel alumina-based composites for energy efficient sliding systems. Journal of 
Materials. 63, 77-83 (2011), Copyright [2011] by The Minerals, Metals & Materials 
Society. 
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Figure 4.1. XRD plot of composites sintered at 1200oC 
 
 
 
 
Figure 4.2. XRD spectra showing intensity change of Al18B4O33 peak with increase in wt 
% of boron for composites sintered at 1200oC 
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For the composites sintered at 1500oC, dominating peaks of Al18B4O33 were not 
observed as shown in Figure 4.3. It was observed that the formation of Al18B4O33 
reduced with increase in sintering temperature and weight percent (wt %) of boron as 
shown in Figure 4.4.  XRD results showed the formation of AlB2 at 1500oC. The matrix 
phase of Al2O3 was also ensured from XRD results at both sintering temperatures. 
Al18B4O33 has orthorhombic crystal structure. AlB2 and B2O3 have hexagonal crystal 
structure.  
 
 
Figure 4.3. XRD plot of composites sintered at 1500oC 
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Figure 4.4. XRD spectra showing intensity change of Al18B4O33 peak with increase in wt 
% of boron for composites sintered at 1500oC 
 
 
 
 
Figure 4.5. Al2O3-B2O3 phase diagram [91] 
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Figure 4.6. Aluminum rich corner of the Al-B phase diagram [92] 
 
 
 
It can be observed from the phase diagrams shown in Figure 4.5 that Al18B4O33 is an 
intermetallic phase forming in the presence of Al2O3 and B2O3 at low temperatures. The 
phase diagram of Al-B system is shown in Figure 4.6. It shows that AlB2 forms at low 
temperatures and wt % of boron and is stable at high temperatures.  
4.1.1.2 Fourier Transform Infrared Spectroscopy (FTIR) 
In FTIR, a part of infrared (IR) rays passed through the sample is absorbed and a part of 
it is transmitted through the sample. The resulting spectra of absorption and transmission 
represent a molecule. The wavelength emitted is unique for each molecule. It is used to 
indentify various molecules [93]. FTIR spectra confirmed the formation of the B2O3 and 
presence of the Al2O3 matrix phase. The band at the wave numbers of 800cm-1 indicate 
the presence of Al2O3 [94]. The characteristics peaks of the B2O3 are present at the wave 
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numbers of 1458 cm-1, 1195 cm-1  and 795 cm-1 [95]. The wave numbers 1414 cm-1 and 
686 cm-1 correspond to the B-O-B bonds [96] as shown in Figure 4.7 and Figure 4.8.  
 
 
Figure 4.7. FTIR spectra of composites sintered at 1200oC 
 
 
 
 
Figure 4.8. FTIR spectra of composites sintered at 1500oC 
 65 
4.1.2 Effect of Sintering Temperature and Concentration of Boron on Porosity and 
Density 
Figure 4.9 is the plot of density and wt % of boron. It was found that the density of the 
composite sintered at 1200oC increased with increase in the wt % of boron. The increase 
in density with wt% of boron for composites sintered at 1200oC can be attributed to the 
presence of Al18B4O33. Addition of boron assisted the sintering of the alumina by 
providing the formation of low temperature phases such as Al18B4O33 and AlB2. 
Whereas the density of the composites decreased with increase in wt % of boron for the 
composites sintered at 1500oC. This decrease in density could be due to the absence of 
aluminum borate phase in the matrix as observed from Figure 4.9. According to the 
XRD results, the Al18B4O33 phase was not stable at higher temperature.  
At the same time, the porosity of these composites decreased with increase in wt % of 
boron for composites sintered at 1200oC. The porosity of the composites sintered at 
1500oC increased with increase in wt% of boron as shown in Figure 4.10. The porosity 
results are in agreement with densities of the composites. 
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Figure 4.9. Density of composites with different wt % of boron sintered at 1200oC and 
1500oC 
 
 
 
 
Figure 4.10. Porosity of composites with different wt % of boron sintered at 1200oC and 
1500oC 
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Figures 4.11 and 4.12 show the effect of sintering temperature on surface porosity. It is 
evident from these figures that the surface porosity increased with wt % of boron and 
sintering temperature.  Porosity of 3 wt % boron composite sintered at 1200oC was less 
than the porosity of 1 wt % boron composite.  
 
 
           
(a)                                                                    (b) 
Figure 4.11. Optical micrographs of (a) 1 wt % boron (b) 3 wt % boron composites 
sintered at 1200oC 
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(a)                                                                    (b) 
Figure 4.12. Optical micrographs of (a) 1 wt % boron (b) 3 wt % boron composites 
sintered at 1500oC 
 
 
 
4.1.3 Effect of Sintering Temperature and Concentration of Boron on Grain Size 
Figure 4.13 illustrates the effect of wt % of boron on the grain size for composite 
sintered at 1200oC and 1500oC. It was observed that the grains size of composites 
decreased with increase in wt % of boron for both the sintering temperatures. Diffusion 
of grain boundaries is evident from Figure 4.14 and Figure 4.15 when wt % of boron 
increased for the composites sintered at 1200oC and 1500oC. The segregation of 
secondary phases at the grain boundaries might have restricted the grain growth. This 
might have caused a reduction in grain size with increase in sintering temperature and wt 
% of boron.  This trend is more prominent for the composite sintered at 1500oC.  
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Figure 4.13. Grain size of composites with different wt % of boron sintered at 1200oC 
and 1500oC 
 
 
 
                
(a)                                                                    (b) 
Figure 4.14. ESEM micrographs of (a) 1 wt % boron (b) 3 wt % boron  
for composites sintered at 1200oC 
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                                  (a)                                                                     (b) 
Figure 4.15. ESEM micrographs (a) 1 wt % boron (b) 3 wt % boron  
for composites sintered at 1500oC 
 
 
 
4.1.4 Effect of Sintering Temperature and Concentration of Boron on Hardness 
It was found that the hardness of the composite increased with increase in wt % of boron 
for the composites sintered at 1200oC. The formation of hard Al18B4O33 (secondary 
phases) increased the hardness for the composites sintered at 1200oC. These secondary 
phases were uniformly distributed in the cross-section. The hardness of the composites 
sintered at 1500oC decreased with increase in wt % of boron. The decrease in hardness 
might be due to the presence of absence of Al18B4O33 and higher surface porosity.  
Figure 4.16 is the optical micrograph of Vickers indent.  
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Figure 4.16. Optical micrograph of Vickers indent  
 
 
4.2 Surface Characterization 
4.2.1 Effect of Sintering Temperature and Concentration of Boron on Surface 
Roughness 
Figure 4.17 and Figure 4.18 show the effect of sintering temperature and wt % boron on 
surface roughness. It is observed that the surface roughness of the as sintered 
composites at 1200oC decreased with increase in wt% of boron. For the as sintered 
composites at 1500oC, the surface roughness increased with an increase in wt% of 
boron. The increase in surface roughness might be due to the increase in porosity of 
composites sintered at 1500oC. The decomposition of orthorhombic Al18B4O33 phase 
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changed the texture of the sintered composites. But with increase in sintering 
temperature and wt% of boron, the surface roughness of the composites decreased after 
polishing. This change in surface texture might as well change the friction and wear 
behavior of the composites.  
 
 
 
Figure 4.17. Surface roughness of composites with different wt % of boron for 
composites sintered at 1200oC 
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Figure 4.18. Surface roughness of composites with different wt % of boron for 
composites sintered at 1500oC 
 
 
4.2.2 Effect of Sintering Temperature and Concentration of Boron on Contact Angle 
Figure 4.19 and Figure 4.20 show the effect of sintering temperature and wt% of boron 
on contact angle. It can be observed that the contact angle increased with increase in 
wt% of boron for as sintered composites at 1200oC. For as sintered composites at 
1500oC, the contact angle decreased with increase in wt% of boron. The decrease in 
contact angle with increase in wt% of boron for the composites sintered at 1500oC could 
be due to the presence of higher surface porosity. The contact angle values for as 
sintered composites at 1200oC and 1500oC were less than 90° which shows that they 
were hydrophilic. For the as polished composites at 1200oC and 1500oC, the contact 
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angles were more than 90° which shows that after polishing, the surfaces were converted 
to hydrophobic.  
A surface is hydrophobic if it does not tend to be wetted by water. The contact angle on 
hydrophobic surfaces is ~120°. A surface is hydrophilic if it tends to be wetted by water. 
The contact angle on hydrophilic surface is <90° [97]. The average contact angle for as 
polished composites at 1200oC and 1500oC was approximately 115° and 105° 
respectively.  
 
 
 
Figure 4.19. Contact angle of composites with different wt % of boron for composites 
sintered at 1200oC 
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Figure 4.20. Contact angle of composites with different wt % of boron for composites 
sintered at 1500oC 
 
 
 
4.3 Tribological Characterization 
4.3.1 Friction Behavior 
Figure 4.21 shows the graph of coefficient of friction for pure alumina. The initial 
coefficient of friction was a higher value of 0.45. This value gradually increased with 
time. It was 0.52 at the end of the test period. This value is lesser than the literature 
value which is ~0.9-1 [98]. Gradual increase in coefficient of friction for pure alumina 
might be due to increase in contact area between steel ball and alumina surface as the 
test continued. The worn surface on the steel ball is elliptical as the wear track deepened 
with time as seen in Figure 4.22. 
 76 
 
Figure 4.21. Coefficient of friction for pure alumina 
 
 
 
 
Figure 4.22. Worn surface of steel ball used to test coefficient of friction of alumina 
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Figure 4.23. Average coefficient of friction of the composites 
 
 
Figure 4.23 shows the average coefficient of friction for all the composites. Composites 
sintered at 1500oC have lower friction values compared to those sintered at 1200oC. The 
coefficient of friction of the composites (Figure 4.23) was comparatively lesser than 
alumina (Figure 4.21). It was found that the coefficient of friction increased with 
increase in wt % of boron for composites sintered at 1200oC and 1500oC. The lowest 
coefficient of friction for composites sintered at 1200oC was 0.37 (± 0.03) for 1 wt % 
boron composite. The highest value was for 3 wt % boron composite which was 0.54 (± 
0.04).  For the composites sintered at 1500oC the lowest was 0.19 (± 0.01) for 1 wt % 
boron composite.  Highest value was observed for 3 wt % boron composite which was 
0.32 (± 0.01). 
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Figure 4.24 shows the comparison of coefficient of friction for 1 wt % boron 
composites sintered at 1200oC and 1500oC. At the beginning of the test, the coefficient 
of friction was lower for the composites sintered at 1200oC (0.25).  It gradually 
increased and stabilized at an average value of 0.37. For the composite sintered at 
1500oC, the coefficient of friction initially started at a higher value of 0.32. It gradually 
decreased with time and stabilized at a value of 0.18 by the end of the test period. 
The comparison of coefficient of friction for 2 wt % boron composite sintered at 
1200oC and 1500oC in Figure 4.25. The friction behavior is similar to the 1 wt % boron 
composite as explained above. The coefficient of friction was lower (0.22) for the 
composites sintered at 1200oC at the start of the test. It gradually increased and 
stabilized at an average value of 0.39. For the composite sintered at 1500oC, the 
coefficient of friction initially started at a higher value of 0.3. It gradually decreased 
with time and stabilized at a value of 0.21 by the end of the test. 
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Figure  4.24. Coefficient of friction for 1 wt % boron composite sintered at 1200oC and 
1500oC 
 
 
 
 
Figure 4.25. Coefficient of friction for 2 wt % boron composite sintered at 1200oC and 
1500oC 
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Figure  4.26. shows the comparison of coefficient of friction for 3 wt % boron 
composite sintered at 1200oC and 1500oC. The behavior of this composite is similar to 
the above two composites. At the start of the test, the coefficient of friction was lower 
for the composites sintered at 1200oC (0.23). It gradually increased and stabilized at an 
average value of 0.54. For the composite sintered at 1500oC, the coefficient of friction 
initially started at a slightly higher value of 0.35. It gradually decreased with time and 
stabilized at a value of 0.32 by the end of the test period. 
 
 
 
Figure 4.26. Coefficient of friction for 3 wt % boron composite sintered at 1200oC and 
1500oC 
 
 
General friction behavior of friction is the same for all the composites sintered at 
1200oC and 1500oC. The coefficient of friction at the start of the test was higher for the 
 81 
composites sintered at 1500oC and lower for composites sintered at 1200oC. It gradually 
increased and stabilized at the end of the test period for composites sintered at 1200oC. 
Coefficient of friction gradually decreased and stabilized for composites sintered at 
1500oC.  
4.3.1.1 Effect of Sintering Temperature and Concentration of Boron on Friction 
As discussed in Section 4.1.1, orthorhombic Al18B4O33 and hexagonal close-packed 
AlB2 were found in the matrix for composites sintered at 1200oC. Properties of these 
phases are as shown in Table 4.1. AlB2 has layered crystal structure which is similar to 
layered Molybdenum disulphide (MoS2). The molybdenum atoms are in between the 
layers of sulphur atoms. Due to weak vander Waal forces between the layers of sulfide 
atoms, it has low shear strength which results in low coefficient of friction [99]. 
Similarly, aluminum atoms are loacted at the centers of hexagonal prisms which are 
formed by the boron sheets as shown in Figure 4.27.  
The presence of this phase provided low friction in composites sintered at 1200oC. This 
friction is lower compared to pure alumina. For all the composites sintered at 1200oC 
with increase in wt %  of boron, the coefficient of friction increased.  This increase in 
hard Al18B4O33 phases might have increased the coefficient of friction.  
 
 82 
 
Figure 4.27. Schematic of layered crystal sturcture of AlB2  [100] 
 
 
Table 4.1. Properties of Al18B4O33 and AlB2 
Material Properties AlB2 Al18B4O33 
Density (g/cc) 3.19 [101] 2.93 [102] 
Melting point (oC) 1655 1440 
Young‘s modulus (GPa)     -      70-75 [103] 
Hardness, (GPa) 15.0 [104] 11-15 [105] 
 
 
XRD results showed the presence of AlB2  and no dominating peaks of Al18B4O33 for 
composites sintered at 1500oC as discussed in Section 4.1.1. Al18B4O33 is not stable at 
temperatures above 1400oC. It decomposes into Al2O3 and B2O3 (g) at temperatures 
above 1400oC.  The following equation shows the decomposition of Al18B4O33 [106]. 
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As a result a new phase, B2O3 (g) formed which also has hexagonal crystal structure. 
The reduction in Al18B4O33 phase and presence of B2O3 and AlB2 might have resulted in 
further decrease of coefficient of friction. Within the composites sintered at 1500oC 
with increase in wt % of boron, the coefficient of friction increased. The decomposition 
of Al18B4O33 phase resulted in higher porosity. In the presence of pores, the nucleation 
of crack is more predominant due to the presence of high stress concentration areas. 
This results in enhanced cracking along the grain boundaries, which becomes more with 
increase in porosity. The microcracking or grain pullout results in generation of wear 
debris particles in the path of the wear track thereby increasing the contact area. This 
leads to increase in coefficient of friction [107].  
For composites sintered at 1500oC, the initial friction was high.  But as the surface was 
worn, the B2O3 entrapped in the bulk was exposed to the surface which further reduced 
the friction. Figure 4.28 shows a schematic of porosity on the surface after 
decomposition of Al18B4O33 phase. The gaseous B2O3 might have entrapped and 
condensed as liquid or solidified. This phase was shown in FTIR results. 
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Figure 4.28. Schematic of surface porosity formed due to decomposition of Al18B4O33  
 
 
4.3.2 Wear Behavior 
Figure 4.29 (a) shows the optical microscopic image of wear track for 3 wt % boron 
composite sintered at 1200oC. The central dark color track on the surface of the 
composite is the wear track formed due to sliding of steel ball. The steel ball was worn 
out. The transfer material was found on the wear track after the test. The worn surface 
of the steel ball is as shown in the Figure 4.29 (b).  
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                                  (a)                                                                     (b) 
       Figure 4.29. Optical micrograph of (a) wear track (b) wear scar on steel surface for 
2 wt % boron composite sintered at 1200oC 
 
 
 
 
Figure 4.30. ESEM micrograph showing the wear track-sintered surface interface for 2 
wt % boron composite sintered at 1200oC 
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Figure 4.30 and Figure 4.31 show the interface of wear track and sintered surface. The 
wear track is comparatively smoother than the sintered surface. The difference between 
the composites before and after sliding for 1 wt % boron composite sintered at 1200oC 
is shown in Figure 4.32. The smoother worn surfaces might be due to the smearing or 
smaller sized debris particles (0.5-3μm) filled in the pores. 
 
 
 
 
Figure 4.31. ESEM micrograph showing the wear track-sintered surface interface for 3 
wt % boron composite sintered at 1200oC 
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                                  (a)                                                                     (b) 
Figure 4.32. ESEM micrographs showing (a) composite surface (b) worn surface for 1 
wt % composite sintered at 1200oC 
 
 
 
 
Figure 4.33. ESEM micrograph of wear track showing grain pullout and micro-cracks 
for composite sintered at 1200oC 
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Figure 4.34. ESEM micrograph of wear track showing grain pullout and micro-cracks 
for composite sintered at 1500oC 
 
 
The size of the particles present on the worn surface is smaller due to fracture than 
those on the sintered surface. Evidence of micro-cracks was observed on the worn 
surface from Figure 4.33 and Figure 4.34. This indicates that grains failed due to brittle 
fracture. This is the transgranular mode of failure in which the path of failure is along 
the grains. There was also evidence of grain pullout. This shows intergranular failure in 
which the failure path is along the grain boundaries. This indicated that the composites 
failed in mixed mode i.e. both transgranular and intergranular mode.  
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4.3.3 Wear on the Sliding Counterface  
During the sliding process between alumina composites and steel ball, wear was found 
on the both the interfaces. Wear volume was calculated for all the steel balls used for 
wear test using the formula 
                                                      V = [(πr4)/4R]                                                         (12) 
where ‗R‘ is the radius of the counterpart, ‗r‘ is the microscopic determination of  the 
wear scar radius [108]. Figure 4.35 shows a schematic of wear scar radius 
measurement. 
 
 
 
Figure 4.35. Schematic of wear scar measurement 
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Figure 4.29 (b) shows an optical micrograph of wear scar on steel ball after sliding. The 
calculated wear values are listed in the Table 4.2 for all the steel balls used.  
 
 
Table 4.2. Wear volume of the steel ball at different sintering temperatures 
Parameters 1 % Boron 2 % Boron 3 % Boron 
1200oC 14.23 x 10-12 m3 4.01 x 10-12 m3 2.016 x 10-12 m3 
1500oC 3.62 x 10-12 m3 2.575 x 10-12 m3 4.42 x 10-12 m3 
 
The wear volume was comparatively lower for the steel balls used when slid against 
composites sintered at 1500oC. The lowest wear volume was observed when slid 
against 3 wt % boron composite sintered at 1200oC. The higher wear rate for the 3 wt % 
composite sintered at 1500oC might be due to higher porosity. 
Comparison of wear volume and coefficient of friction at all compositions for 
composites sintered at 1200oC and 1500oC respectively are shown in Figures 4.36 and 
Figure 4.37. The combination of composition and sintering temperature of a composite 
can be selected depending on the type of application. For example, for low friction and 
low wear, 1 wt % boron composite sintered at 1200oC can be selected.  
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Figure 4.36. Comparison of wear volume and coefficient of friction for composites 
sintered at 1200oC 
 
 
 
Figure 4.37. Comparison of wear volume and coefficient of friction for composites 
sintered at 1500oC 
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4.3.4  Wear Debris Analysis 
Figure 4.38 and Figure 4.39 show the SE image and EDS spectra of 3 wt % composite 
sintered at 1200oC respectively. It is evident from Figure 4.38 that the wear debris 
particles are smaller in size compared to the size of grains in the composite (Figure 4.11 
(b)). The size of the debris particles is ~ 0.5-3μm.  
The EDS results show that significant amounts of aluminum, carbon, boron, oxygen, 
silicon, iron, and chromium are present on the wear track. This indicates that the 
transfer of material from the AISI steel counterface to the composite surface has taken 
place. The chemical composition of the steel counterface is shown in Table 4.3. 
 
Table 4.3. Chemical composition of AISI 52100 bearing ball [109] 
Elements Composition 
Carbon (C) 0.980 - 1.10 % 
Chromium (Cr) 1.30 - 1.60 % 
Iron (Fe) 96.5 - 97.32 % 
Manganese (Mn) 0.250 - 0.450 % 
Phosphorous (P) <= 0.0250 % 
Silicon (Si) 0.150 - 0.300 % 
Sulphur (S) <= 0.0250 % 
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Figure 4.38. SE image of wear track for 3 wt % composite sintered at 1200oC 
 
 
 
 
Figure 4.39. EDS spectrum of debris for 3 wt % composite sintered at 1200oC 
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CHAPTER V 
CONCLUSIONS AND FUTURE RECOMMENDATIONS* 
 
This thesis studied the synthesis and tribological characterization of novel alumina based 
ceramic composites for low friction applications. Investigations have been conducted on 
two areas. Firstly, the effect of sintering temperature and wt % of boron on physical and 
mechanical properties of the composites has been investigated. Secondly, the effect of 
sintering temperature and wt % of boron on surface and tribological properties of the 
composites has been studied. The results obtained from these investigations led to the 
following conclusions and recommendations for future studies. 
5.1. Physical and Mechanical Characterization 
XRD results confirmed the formation of Al18B4O33, and AlB2 and FTIR confirmed the 
presence of B2O3. The formation of Al18B4O33 reduced with increase in sintering 
temperature and wt% of boron. Increase in sintering temperature and wt % of boron 
affected the porosity, grain size, and hardness of the composites. The absence of 
Al18B4O33 phase at 1500oC reduced the density of the composites compared to 
composites sintered at 1200oC.  
____________________ 
* Reprinted with permission from Paluri, R., Ingole, S.: Surface characterization of 
novel alumina-based composites for energy efficient sliding systems. Journal of 
Materials. 63, 77-83 (2011), Copyright [2011] by The Minerals, Metals & Materials 
Society.  
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Porosity was higher for the composites sintered at 1500oC. Grain size decreased with 
increase in sintering temperature and wt % of boron due to presence of secondary phases 
at the grain boundaries. The composites sintered at 1200oC were harder than those 
sintered at 1500oC due to the presence of harder Al18B4O33 phase and higher porosity.  
5.2. Surface and Tribological Characterization 
The decomposition of the Al18B4O33 phase changed the texture of the composites. The 
composites sintered at 1500oC have higher surface roughness compared to composites 
sintered at 1200oC due to higher surface porosity.  
The coefficient of friction was lower for the composites compared to pure alumina 
ceramic. The coefficient of friction decreased with increase in sintering temperature. The 
decomposition of Al18B4O33 phase and presence of AlB2 and B2O3 phases provided 
lower friction for composites sintered at 1500oC. The wear mechanism was found to be 
micro-fracture using ESEM and SEM studies. The wear volume of the steel counterface 
when slid against the composites was also very low compared to pure alumina. Thus, 
composites with optimum coefficient of friction and wear volume of the counterface can 
be selected depending on the application.  
5.3. Future Recommendations 
1. Study the friction and wear behavior of the composites using alumina as 
counterface. 
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2. Study the effect of testing parameters i.e., load, temperature, etc on friction and 
wear behavior of the composites. 
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